INTRODUCTION
============

5α-reductases (5α-Rs), a family of several isozymes, play an important role in human physiology by regulating cellular metabolism of androgens, glucocorticoids and other steroids. 5α-Rs are the rate limiting step in the biosynthesis of neuroactive steroids which are critical for central nervous system function \[[@B1][@B2]\]. 5α-Rs isozymes are widely expressed in many tissues and organs \[[@B3]\]. Metabolites produced by 5α-Rs enzymatic catalysis modulate physiological functions in peripheral and central nervous tissues \[[@B1][@B2][@B3][@B4][@B5][@B6][@B7]\]. Finasteride and dutasteride are synthetic 5α-Rs mechanism-based inhibitors (5α-RIs), also known as suicide substrates \[[@B8]\]. These synthetic drugs are widely prescribed to treat men with benign prostatic hyperplasia (BPH) and young men with pattern hair loss, also known as androgenetic alopecia (AGA) \[[@B7]\]. Although these drugs were purported to be "tolerable and safe", their potential for causing long-lasting pathophysiological harm has yet to be fully ascertained \[[@B2][@B7][@B9][@B10]\].

It is important to note that almost none of the clinical trials on finasteride or dutasteride have incorporated in their primary or secondary end-points sensitive measures for insulin resistance (IR), type 2 diabetes (T2DM), lipid accumulation in liver or measures of ocular or kidney dysfunctions. Concerns regarding possible adverse metabolic consequences of 5α-Rs inhibition (finasteride and dutasteride) are particularly important given the long-term nature of treatment and the age of patients affected, in whom risk factors for metabolic syndrome are most prevalent.

Androgens and glucocorticoids modulate mitochondrial function, carbohydrate, protein and lipid metabolism and energy balance. Inhibition of androgens and glucocorticoid transformation to their various metabolites may result in pathophysiological states, such as liver diseases, hyperglycemia, hyperlipidemia, IR, and T2DM. We have advanced the hypothesis that irreversible inhibition of 5α-Rs by finasteride or dutasteride may interfere not only with the metabolism and clearance of androgens and glucocorticoids but also impedes downstream signaling of androgens and glucocorticoids *via* their downstream receptor signaling and therefore adversely affect cellular metabolic function \[[@B4]\]. Finasteride and dutasteride irreversibly inhibit the action of 5α-Rs \[[@B8]\] resulting in reduction in clearance rates of glucocorticoids and mineralocorticoids and alterations in metabolic function \[[@B4][@B11]\]. This alteration in androgen and glucocorticoids metabolism potentiates lipid dysregulation and fat accumulation in liver and promotes IR and onset of T2DM \[[@B12][@B13][@B14][@B15][@B16][@B17]\].

In this review we summarize the reported findings related to finasteride and dutasteride on metabolic adverse effects in liver, muscle, kidney and ocular system \[[@B12][@B13][@B14][@B15][@B16][@B17][@B18][@B19][@B20][@B21][@B22][@B23]\]. Adverse effects pertaining to sexual dysfunction, depression and suicidal ideation are discussed in previous reviews \[[@B2][@B7]\]. Here we will focus on the finding form pre-clinical and clinical studies on the metabolic adverse effects of finasteride and dutasteride and highlight the potential health related risks of these drugs.

1. Finasteride and dutasteride induce liver lipid accumulation and steatosis
----------------------------------------------------------------------------

Dowman et al \[[@B14]\] reported that 5α-Rs types 1 and 2 are highly expressed in human liver and inhibition of these enzymes may elicit adverse metabolic consequences. In the animal model, inhibition of 5α-Rs types 1 and 2 impeded glucocorticoids and androgens metabolism and contributed to the pathogenesis of nonalcoholic fatty liver disease (NAFLD) \[[@B13][@B14]\]. 5α-R type 1 knockout mice (α-R1KO), which were fed high-fat diet, exhibited increased susceptibility to metabolic dysfunction and liver fibrosis \[[@B13]\]. Furthermore, deficiency in 5α-R type 1 in the animal model predisposed susceptibility to glucose intolerance and hyperinsulinemia \[[@B13]\]. More importantly, finasteride treatment of intact or castrated male obese Zucker rats also induced hyperinsulinemia and hepatic steatosis \[[@B13]\]. More importantly, animals with 5α-R type 1 deficiency exhibited fat accumulation in the liver, which was attributed to impairment of enzymes involved in fatty acid-oxidation and gluconeogenesis, concomitant with increased enzymatic activities involved in triglyceride esterification and cholesterol synthesis and excretion \[[@B13]\]. These findings suggest that 5-R type 1 deficiency or inhibition of 5-R type 1 activity induces IR and hepatic steatosis, consistent with the intrahepatic accumulation of glucocorticoids, which predisposes to hepatic fibrosis. Pharmacological inhibition of 5α-Rs by finasteride or dutasteride augmented cortisol action in liver, which modulated hepatic lipid flux. These observations may have significant clinical implications in patients prescribed finasteride or dutasteride therapy for long-term durations \[[@B11]\].

In a recent study by Mak et al \[[@B15]\], animals fed high fat diet (HFD) and treated with dutasteride exhibited exacerbated adverse metabolic phenotype and increased hepatic triglyceride levels. Furthermore, animals fed "American lifestyle induced obesity syndrome" diet exhibited higher incidence of hepatic steatosis and reduced expression of genes involved in insulin signaling, as compared with wild type animals \[[@B14]\]. These findings suggest that reduced 5α-dihydrotestosterone (5α-DHT) levels, concomitant with decreased glucocorticoids clearance, may contribute to increased steatosis in mice with 5α-R type 1 deficiency. In addition, Zhang et al \[[@B24]\] reported that, in rat liver, 5α-DHT reduces lipid accumulation and cholesterol synthesis *via* increasing expression of carnitine palmitotyltransferase1 and phosphorylation of 3-hydroxy-3-methyl-glutaryl-CoA reductase. These findings support the contention that 5α-Rs play an important role in regulating liver fat metabolism.

In men, inhibition of 5α-R types 1 and 2 with dutasteride resulted in hepatic IR, hepatic lipid accumulation, and decreased adipose lipid mobilization, without impacting peripheral insulin sensitivity \[[@B12][@B16]\]. Insulin-regulated metabolites levels changed significantly in response to finasteride or dutasteride treatments. These findings suggest that 5α-R types 1 and 2 deficiencies or their pharmacological inhibition by finasteride or dutasteride contribute to IR and hepatic steatosis. In a population-based study, men with fatty livers had reduced relative excretion of 5α-reduced cortisol metabolites, resulting in liver fat accumulation \[[@B25]\]. Furthermore, protein expression of 5α-R types 1 in human liver correlates with features of steatohepatitis \[[@B14]\].

2. Finasteride and dutasteride induce insulin resistance and type 2 diabetes
----------------------------------------------------------------------------

Upreti et al \[[@B16]\] demonstrated that men receiving dutasteride exhibited decreased rate of glucose disposal during high-dose insulin infusion concomitant with increased fasting plasma C-peptide and homeostatic model assessment of IR and increased plasma insulin levels, when tracers were infused alone. In humans receiving dutasteride, impaired insulin sensitivity in peripheral organs, including skeletal muscle and/or adipose tissue were recorded. The authors suggested that the adverse changes in IR may, in part, be mediated by impaired glucose disposal, mainly in muscle where 5α-R types 1 is expressed \[[@B16]\]. In a retrospective registry study, Traish et al \[[@B6]\] reported on a cohort of 230 men aged between 47 and 68 years (mean age=57.78±4.81 years) who were treated with dutasteride (0.5 mg/d) for lower urinary tract symptoms (LUTS), secondary to BPH and patients were followed-up for 36 to 42 months. Dutasteride resulted in increased blood glucose, glycosylated hemoglobin A, total cholesterol, and low-density lipoprotein cholesterol levels. In addition, dutasteride treatment increased activities of liver alanine aminotransferase and aspartate aminotransferase, suggesting dysregulation of liver metabolism. These observations suggest that long-term dutasteride therapy induced imbalance in metabolic function.

Most recently, Wei et al \[[@B17]\] investigated the incidence of new onset T2DM in men receiving dutasteride or finasteride for long-term treatment of BPH, utilizing the UK Clinical Practice Research Datalink and Taiwanese National Health Insurance Research Database. New onset of T2DM events was recorded during a mean follow-up time of 5.2±3.1 years. There was a modest increased risk of T2DM for dutasteride and finasteride compared with tamsulosin. As shown in [Fig. 1](#F1){ref-type="fig"}, the risk of developing T2DM was higher for patients receiving dutasteride or finasteride compared with tamsulosin (adjusted hazard ratio \[HR\]=1.34, 95% confidence interval \[CI\]=1.17 to 1.54; and 1.49, 1.38 to 1.61, respectively), but the risk for dutasteride and finasteride did not differ (0.90, 0.77 to 1.06) \[[@B17]\]. The authors concluded that the risk of developing new onset T2DM appears to be higher in men with BPH exposed to 5α-RIs (finasteride or dutasteride) as compared with men receiving tamsulosin. Interestingly, Lee et al \[[@B26]\] reported in a nation-wide population- based study of newly diagnosed patients with BPH, who were treated with 5α-RIs and compared with subjects who were not treated with 5α-RIs and were followed for 5 years, lower cumulative rate of T2DM was noted in the treatment group compared to the control group. These findings are in stark contrast to those reported by Wei et al \[[@B17]\].

3. Finasteride and dutasteride impair ocular function and cause development of dry eye disease
----------------------------------------------------------------------------------------------

Androgen deficiency produces pathophysiological changes manifested in reduction of tear production and evaporative dry eye conditions \[[@B27][@B28][@B29][@B30][@B31][@B32]\]. Meibomian gland disease and altered lipid patterns in meibomian gland secretions were observed in women with complete androgen insensitivity syndrome \[[@B33]\]. Finasteride administration significantly downregulated androgen receptors (ARs) in the lacrimal gland the significance observed with tear film break up time (TBUT) and tear flow could be attributed to the lack of 5α-DHT in the lacrimal glands \[[@B20][@B23]\]. Finasteride treated female rats showed 49% of significant reduction in tear flow at the end of the 10th day. There was a considerable 29% significant TBUT reduction observed in female rats. Finasteride treated male rats showed significant 40% and 63% reductions for tear flow and TBUT, respectively.

Zhang et al \[[@B19]\] and Li et al \[[@B23]\] described the effects of 5α-DHT inhibition by finasteride on 'lacrimal gland histopathology' and 'ocular function'. Finasteride administration effectively induced dry eye in rats by 14 days after administration. Finasteride treated rats had significantly higher fluorescein staining scores and lower aqueous tear quantity and TBUT as compared with control rats Finasteride significantly diminished tear flow and resulted in severe inflammation of the lacrimal gland. Tear secretion was also significantly reduced in finasteride treated animals compared with control animals on days 14, 21, and 28. As reported by Zhang et al \[[@B19]\], the TBUT value of finasteride treated animals were markedly decreased after finasteride treatment, with significant differences when compared with the control group on days 7, 14, 21, and 28 (p=0.041, p=0.003, p=0.004, and p=0.002, respectively) ([Fig. 2](#F2){ref-type="fig"}) \[[@B19]\]. The histopathologic changes of lacrimal glands in animals treated with or without finasteride on day 28 are described in [Fig. 3](#F3){ref-type="fig"} \[[@B19]\]. In the untreated, control group, [Fig. 3A](#F3){ref-type="fig"} the normal acinar structure was well preserved, and no significant lymphocyte infiltration was noted. In contrast, in animals treated with finasteride, a severe inflammatory response was recorded in the lacrimal gland. Significant increase in the number of lymphocytes infiltrating the interlobular space and surrounded the acinar and ductal cells were observed [Fig. 3B](#F3){ref-type="fig"}. These observations suggest that inhibition of testosterone (T) conversion to 5α-DHT results in potentiating an inflammatory response that increases the infiltration of lymphocytes into the lacrimal gland.

In patients undergoing antiandrogen treatment, Krenzer et al \[[@B34]\] reported that chronic androgen deficiency was associated with meibomian gland dysfunction and dry eye. Li et al \[[@B23]\] utilized finasteride to induce dry eye disease in animal model and evaluated ocular surface status and inflammatory cytokine gene expression in the lacrimal gland. Most noted was that finasteride induced significant tear deficiency with significant inflammatory cell infiltration in the lacrimal gland. Finasteride treatment increased the expression of B-72, interleukin (IL)-1β, IL-4, IL-6, IL-10, matrix metalloproteinase-8, Fas ligand, tumor necrosis factor (TNF)-α and metalloproteinase inhibitor 1 levels in the lacrimal gland of the dry eye model.

4. Adverse effects of finasteride and dutasteride on kidney function
--------------------------------------------------------------------

The physiology of kidney is mediated by ARs localized in the cells of most parts of the nephron. Thus, androgen deprivation therapy (ADT) or inhibition of androgen metabolism may affect kidney physiological function. Recently, it was shown that finasteride downregulated AR expression in the cortical region of the kidney \[[@B18]\]. Finasteride treatment resulted in reduction in AR-positive cells in the renal corpuscle (0.06%±0.03%) as compared with untreated animals (0.14%±0.12%). Similarly, the percentage of AR-positive cells in the proximal convoluted tubule of finasteride treated animals also demonstrated marked reductions compared with control animals (0.16%±0.17% *vs.* 0.69%±0.32%, respectively). Furthermore, the percentage of AR-positive cells the distal convoluted tubule (DCT) of finasteridetreated rats was markedly reduced compared to controls (0.50%±0.26% *vs.* 0.91%±0.12%, respectively) \[[@B18]\]. The decrease of AR expression lead to histopathological changes in the kidney cortex, such as apoptosis ([Fig. 4](#F4){ref-type="fig"}), fibrosis ([Fig. 5](#F5){ref-type="fig"}) and infiltration of mononuclear cells \[[@B18]\]. Finasteride treatment increased glomerulosclerosis, tubulointerstitial fibrosis, and the infiltration of mononuclear cells. The authors postulated that finasteride treatment in mature male animals led to decreased AR expression in kidney cortex and finasteride induced pathomorphological changes (glomerulosclerosis, tubulosclerosis, dysplastic glomeruli, and tubules with lumen dilatation) were associated with the reduced expression of intracellular junctional proteins. Finasteride also altered the apoptotic/proliferating ratio of nephron cells and the increased lymphocytes infiltrations into the area of pathologically altered convoluted tubules were accompanied by impaired androgen/estrogen homeostasis.

DISCUSSION
==========

Inhibition of 5α-dihydrotestosterone biosynthesis induces a novel form of androgen deficiency independent of testosterone levels
--------------------------------------------------------------------------------------------------------------------------------

T is synthesized and secreted by the testis and circulates in plasma as free (unbound) T or bound to sex hormone binding globulin and serum albumin. The unbound fraction of T, known as biologically available free T, enters target and nontarget cells by passive diffusion through the phospholipid plasma membrane ([Fig. 6](#F6){ref-type="fig"}). In androgen target cells, T is further metabolized to 5α-DHT *via* 5α-Rs. In target cells, both T and 5α-DHT interact with the AR; however, 5α-DHT binds to the AR with approximately 10-fold higher affinity compared with T \[[@B35]\]. This large difference in the affinity of T and 5α-DHT for AR make 5α-DHT the critical physiological androgen modulator in many tissues, and therefore, inhibition of its biosynthesis may result in a novel state of androgen deficiency. The wide expression and distribution of 5α-Rs in many tissues and organs \[[@B2]\] suggests that although T is the main circulating androgen, its conversion to the high affinity 5α-DHT in many of these tissues is responsible for regulating tissue and cellular metabolism and function. Binding of 5α-DHT to AR results in activation and transformation of the AR into a higher affinity complex for DNA and induces its translocation from the cytoplasm to the nucleus where it interacts with the androgen response elements. This high affinity binding to a specific DNA sequences, result in recruitments of AR co-activators or co-repressors, resulting in regulating specific gene expression. This results in changes in cellular metabolism and function.

In addition to the well-recognized role of 5α-DHT and not total T in prostate growth and function, several other examples exist, which illustrate the key physiological role of 5α-DHT and not total T in mediating tissues function and metabolism. One such example is the role of 5α-DHT in maintaining erectile physiology \[[@B36]\]. It is now well-established that men treated with finasteride or dutasteride for BPH or AGA experience greater risk of erectile dysfunction, loss of libido and ejaculatory dysfunction \[[@B1][@B7][@B37][@B38][@B39]\]. These observations are strongly supported by studies in animal models, which demonstrated that finasteride and dutasteride, by inhibiting biosynthesis of 5α-DHT, impair corpus cavernosum growth and trabecular smooth muscle relaxation, endothelial function, increased connective tissue deposition and result in erectile dysfunction, even in the presence of physiological levels of total T \[[@B36][@B40][@B41][@B42]\]. Erectile dysfunction was attributed to reduction in intracellular 5α-DHT levels which were deemed essential for maintaining tissue function and metabolism even in the presence of physiological levels of T \[[@B43]\]. In addition, 5α-DHT is deemed critical for activating gene expression of neuronal and endothelial nitric oxide synthases, which are critical physiological mediators of penile erection \[[@B36][@B40][@B41][@B42]\]. These findings clearly demonstrate that 5α-DHT and not total T levels are critical for maintaining erectile physiology. A second example for the critical role of 5α-DHT is derived from the studies on fertility. Reduction of spermatogenesis progression is impaired in men lacking 5α-R type 2 isozyme \[[@B44]\], suggesting that 5α-DHT is critical for spermatogenesis, as well as the structure of seminiferous tubules/spermatocysts and Sertoli cells are affected by loss of 5α-DHT, since they Sertoli cells support germ cells\' development, and the structure of the seminiferous tubules concomitant with maintenance of the blood-testis barrier \[[@B45][@B46]\]. A third example for the relevance of 5α-DHT instead of total T is the effects of 5α-DHT on scalp hair growth. In absence of 5α-DHT baldness pattern was observed in men as determined in men with mutations in the 5α-R type 2 gene resulting in no expression of 5a-R type 2 enzyme \[[@B44][@B47]\] even though there were not changes in total T levels. In the scalp, the presence of 5α-DHT induces hair miniaturization by converting terminal hairs into vellus hairs \[[@B48][@B49][@B50]\]. This specific 5α-DHT-mediated biological event prompted the development of finasteride for treatment of AGA \[[@B51][@B52]\] A fourth example is the recent observations that treatment of animals with finasteride or dutasteride results in dry eye disease within a very short period of time \[[@B19][@B23]\]. This illustrates the role of 5α-DHT on the lacrimal and meibomian glands structure and function and on the overall ocular function.

To date, the role of 5α-DHT in human physiology is not fully appreciated. The role of 5α-DHT in growth of the prostate is the one area were an agreement on a role for this potent androgen. However, recent literature supports a role for 5α-DHT in liver function \[[@B12][@B14][@B15][@B16]\], β-cell function \[[@B53][@B54]\] and in ocular \[[@B27]\] and kidney function \[[@B18]\]. This introduces a new paradigm that, while T is the most circulating androgen, its derivative, 5α-DHT, is the most potent androgen and have a multitude of physiological action that is now being recognized. Therefore, inhibition of 5α-DHT biosynthesis by synthetic inhibitors acting *via* a mechanism-based (irreversible) inhibition of 5α-RS (suicide substrates) induce a novel form of tissue specific androgen deficiency and results in pathophysiological conditions that are not fully recognized.

It worth noting that finasteride has been shown to inhibit both 5α-R types 1 and 2 in rat \[[@B55]\], monkey \[[@B56]\] and humans \[[@B57]\]. While the affinity and selectivity of finasteride towards 5α-R type 2 is far greater than that for 5α-R type 1, the long-term administration of finasteride (5 mg) in BPH patients and 1 mg in AGA patients would be expected to bring about sufficient drug plasma levels to inhibit of both 5α-R types 1 and 2. In addition, since finasteride and dutasteride act *via* a mechanism-based inhibition (slow dissociation rate) rendering the reaction nearly irreversible, once bound to the active site, finasteride and dutasteride are tightly bound to the enzyme resulting in inactivation of the enzyme. Furthermore, with the advent use of dutasteride which inhibits both types, this drug brings about complete inhibition of both isozymes. Finally, both finasteride and dutasteride are believed to inhibit 5α-R type 3 which is expressed in a host of tissues. Thus, the long-term administration of these drugs may bring about pathophysiological harm in some tissues that has yet to be recognized.

Although many clinical studies claimed that finasteride and dutasteride 'are safe and tolerable' \[[@B7]\], new emerging evidence suggests that finasteride and dutasteride induce metabolic dysfunction, such as hyperglycemia \[[@B16]\], IR \[[@B13][@B16]\], liver fat accumulation \[[@B12][@B14]\], liver steatosis and liver fibrosis \[[@B12][@B14]\], and T2DM \[[@B17]\]. It should be noted that many reported clinical trials failed to incorporate specific measures of metabolic dysfunction (*e.g.*, liver lipid accumulation; hyperglycemia, IR) as primary or secondary end points, in order to evaluate the effects of these drugs on metabolic dysfunction \[[@B9][@B10]\].

Gild et al \[[@B58]\] identified 82,938 men 66 years old or older who were diagnosed with localized prostate cancer (Surveillance, Epidemiology and End Results; Medicare database from 1992 to 2009). Men with preexisting NAFLD, liver disease, diabetes or metabolic syndrome were excluded from study. Men who underwent ADT were more likely to be diagnosed with NAFLD (HR=1.54, 95% CI=1.40--1.68), liver cirrhosis (HR=1.35, 95% CI=1.12--1.60), liver necrosis (HR=1.41, 95% CI=1.15--1.72) and any liver disease (HR=1.47, 95% CI=1.35--1.60), as compared to men who remained untreated with ADT. Kim et al \[[@B59]\] showed that men in the low T quintile were at a higher risk for NAFLD than men in the highest serum T quintile, even after adjusting for age, smoking, diabetes, exercise, body mass index (BMI), triglycerides, and high-density lipoprotein cholesterol (odds ratio \[OR\] 95% CI of 5.12 \[2.43--10.77\]) for NAFLD (p=0.0004). These observations suggested that androgen deficiency is independently associated with NAFLD. In a retrospective observational cross-sectional study in which 248 men with T2DM were enrolled, Miyauchi et al \[[@B60]\] reported that after adjusting for all relevant variables, androgen deficiency was inversely associated with liver fibrosis. These findings strongly suggest that androgen deficiency contributes to liver disease.

In liver, androgens upregulate insulin receptor expression and activity and increase glycogen synthesis and cholesterol synthesis and uptake \[[@B61]\]. Androgens suppress lipogenesis, glucose uptake and cholesterol removal in liver \[[@B62]\]. Androgens were shown to attenuate development of hepatic steatosis \[[@B62][@B63]\]. Androgen deficiency was shown to be associated with NAFLD. This pathology is a major metabolic complication and represents a spectrum of pathologies that encompass intra-hepatic accumulation of triglycerides, steatosis, diffuse tissue inflammation or non-alcoholic steatohepatitis, which may progress to advanced hepatic fibrosis and cirrhosis \[[@B64]\]. Androgen deficiency (low serum T levels) was reported to be independently associated with NAFLD as well as an inverse association between serum T and hepatic steatosis \[[@B59][@B65]\]. In testicular feminized mice, HFD induced increased hepatic lipid deposition \[[@B66]\] and liver steatosis and IR most likely *via* upregulation of hepatic expression of sterol regulatory element-binding protein (SREBP)-1c, acetyl-CoA carboxylase \[ACC\], and peroxisome proliferatoractivated receptor (PPAR)-γ to increase lipid synthesis and downregulation of PPARα to decrease fatty acid oxidation. In AR knock-out mice models, introduction of HFD resulted in development of hepatic steatosis and IR, suggesting loss of AR function alters lipid metabolism in liver \[[@B67][@B68]\]. In experimental animal models, orchiectomy resulted in development of NAFLD and IR concomitant with hyperlipidemia, accumulation of hepatic triglycerides and cholesterol, hyperglycemia and hyperinsulinemia and impaired oral glucose tolerance test and insulin tolerance test \[[@B69]\]. Furthermore, orchiectomy resulted in stimulation of hepatic fatty acids oxidation *via* activation of PPARα, and accumulation of hepatic triglycerides and cholesterol due to upregulation of hepatic SREBP-1, SREBP-2 and activation of ACC-1, mediated by the inhibition the adenosine monophosphate- activated protein kinase α-1 activity. More importantly, these metabolic alterations were reversed and ameliorated by T treatment of orchiectomized animals. Similarly, in animal models of 5α-reductase knockout, HFD induced upregulation of expression of genes involved in lipid storage and downregulate genes for fatty acid oxidation concomitant with accumulate lipid in their livers \[[@B14]\]. The role of 5α-DHT in liver function is further supported by studies in which finasteride treatment of male obese Zucker rats induced liver steatosis \[[@B13]\]. Therefore, 5a-reductase play a key role in androgen metabolism and are critical to prevention of liver steatosis. These observations suggest that 5α-DHT is critical in liver metabolism and function.

Zitzmann \[[@B70]\] suggested that androgen deficiency in men is a major risk factor for the development of metabolic syndrome and T2DM. Also, Traish et al \[[@B71]\] reviewed the role of androgen deficiency in promoting IR and diabetes and suggested that androgen deficiency may contribute to onset of diabetes. In prostate cancer patients treated with AR blockers or with ADT exhibited higher incidence of T2DM \[[@B72]\]. Furthermore, AR-deficient male mice exhibit IR and obesity \[[@B67][@B68]\]. Studies in animal models suggested that androgen treatment protects β-cells from apoptotic damage as well as stimulate insulin production and secretion \[[@B73][@B74]\]. Recently, Navarro et al \[[@B53]\] and Mauvais-Jarvis \[[@B54]\] demonstrated that androgens act directly on b cells and regulate insulin secretion in males and androgens enhance glucose stimulated insulin secretion in a physiological manner. Loss of AR action in β-cells produces insulin deficiency, which predisposes to diabetes. These findings strongly suggest that androgen deficiency predisposes to β-cell dysfunction and failure in men and contributes to IR and diabetes.

Traish et al \[[@B4]\] have advanced the hypothesis that inhibition of 5α-Rs by finasteride and dutasteride alters not only androgens metabolism but also alters glucocorticoids, mineralocorticoids and progestins metabolism and may interfere with downstream receptor actions and signaling of these steroid hormones. The authors suggested that finasteride and dutasteride inhibit 5α-Rs activities and reduce the clearance of glucocorticoids and mineralocorticoids, potentiating IR, diabetes and vascular disease. Mak et al \[[@B15]\] suggested that hepatic glucocorticoid excess may underlie the mechanism of the adverse metabolic changes observed after 5α-R type 1 inhibition or disruption, driving hepatic steatosis and IR. The authors proposed that inhibition of 5α-Rs types 1 and 2 may increase the circulating glucocorticoids and in turn increase hepatic glucocorticoid receptor activation resulting in the adverse metabolic phenotype observed after pharmacological inhibition and a contributory role after genetic disruption of 5α-R type 1.

Traish et al \[[@B75]\] have advanced a framework by which androgens modulate mitochondrial function. In this schema, the authors suggested that androgens increase the expression of PPAR γ coactivator 1α, which in turn increases mitochondrial transcription factor A (Tfam) expression as well as mitochondrial biogenesis. The increase in mitochondrial biogenesis increases levels of nuclear respiratory factor 1, which in turn increases oxidative phosphorylation. Androgens increase Tfam expression as well as serine-threonine kinase (Akt) phosphorylation, both of which decrease apoptosis leading to an increase in oxidative phosphorylation. Androgens stimulate lipolysis and down-regulates lipoprotein lipase activity and increases expression of fatty acid-binding protein leading to an increase in fatty acid oxidation and in oxidative phosphorylation. Androgens increase expression of pyruvate dehydrogenase, which increases production of oxaloacetate and acetyl-CoA leading to a stimulation of the tricarboxylic acid cycle (TCA). Androgens also increase expression of succinate dehydrogenase and aconitase, also upregulating TCA and increasing oxidative phosphorylation. Finally, androgens increase the expression of cytochrome c oxidase, which leads to an increase in oxidative phosphorylation. The increase in oxidative phosphorylation leads to a decrease in reactive oxygen species and an increase in insulin sensitivity. Yialamas et al \[[@B76]\] have demonstrated that acute androgen withdrawal reduces insulin sensitivity in young healthy men with idiopathic hypogonadotropic hypogonadism. The acuity T deficiency and absence of changes in BMI or leptin levels suggest that androgens modulate insulin sensitivity in the absence of apparent or detectable changes in body composition. Pitteloud et al \[[@B77][@B78]\] demonstrated that low T levels were associated with an adverse metabolic profile and proposed a novel unifying mechanism that low T levels impair mitochondrial function and promote IR. T deficiency may promote IR by altering fatty acid metabolism and reduced expression of genes involved in oxidative metabolism \[[@B75]\].

Krenzer et al \[[@B34]\] demonstrated that ADT with leuprolide acetate and goserelin acetate, and anti-androgen treatment with the AR blockers bicalutamide and flutamide or inhibition of 5-reductase transformation of T to 5α-DHT, by finasteride or dutasteride, resulted in meibomian gland dysfunction concomitant with tear film instability and significant increase in tear film debris and an abnormal tear film meniscus resulting in functional dry eye. Most importantly, ADT, AR blockade or inhibition of T conversion to 5α-DHT, all produced significant alterations in lipids secretions in the meibomian gland \[[@B20][@B23][@B27]\]. Sullivan et al \[[@B27]\] have reported that 5α-DHT regulates expression of almost 3,000 genes in immortalized human meibomian gland epithelial cells (IHMGECs) and 5α-DHT regulates lipidand keratin-related genes. Reduced TBUT in mice after orchiectomy were largely resolved following 5α-DHT treatment.

Meibomian and the accessory lacrimal glands secret lipids that forms the lipid layer which acts as a lubricant to prevent evaporation and provides film stabilization \[[@B27]\]. The lacrimal gland and the accessory lacrimal gland contribute to the aqueous layer which is comprised of electrolytes, proteins, and immunoglobulins among others. This aqueous layer is critical for lubrication, antimicrobial activity and mechanical clearance. The conjunctival goblet cells and epithelial cells synthesize and secrete sulphomucins, sialomucin complexes and several glycoproteins known as mucins. These glycoproteins reduce the surface tension and contribute to stabilization of the aqueous layer. Tear film is a fluid secreted to protect the ocular surface from chemical, physical and microbial insults. Tear film structure is encompassing an anterior lipid layer that provides stability *via* interaction with the mucin aqueous phase. Tear film serves as a lubricant and a refractive surface of the eye. Tear film exhibits a complex biochemical and biophysical composition and is very dynamic, so it maintains visual homeostasis. The various components of tear film interact to form a cohesive lubricant gel. Several factors contribute to tear film instability and loss of functional integrity and its degradation or removal. These include nasal derange, evaporation and conjunctiva absorption and loss of lipid biosynthesis or glycoproteins by the meibomian gland and lacrimal glands. It is important to point out that human corneal epithelial, stromal and endothelial cells express AR, in addition to progesterone and estrogen receptors suggesting a role for these hormones in cornea physiological function \[[@B79][@B80]\].

A host of potential mechanisms were proposed on how androgens may affect ocular function. Among these are the anti-inflammatory function of androgens *via* attenuating IL-1 and TNF-expression and synthesis; thus, maintaining the function of the lachrymal gland \[[@B81]\]. In addition, androgens regulate the synthesis and secretion of lipids by the meibomian gland which is critical for lubricating the ocular surface and reducing evaporation of the aqueous component \[[@B27][@B28][@B29][@B30][@B31][@B32]\]. Furthermore, androgens maintain the structural and functional integrity of the lacrimal gland and meibomian glands, thus maintaining tear film production and its stability. Androgens regulate the expression of genes related to lipid and sterol biosynthesis and fatty acid metabolism, lipid and protein transport and intracellular vesicles trafficking \[[@B82]\].

Mucin 1 is aglycoprotein with extensive O-linked glycosylation of its extracellular domain which lines the apical surface of epithelial cells in eyes and plays a critical role in maintaining the stability of the tear film \[[@B83][@B84][@B85][@B86]\]. Recently it has been reported that 5α-DHT upregulates the expression of MUC1 in an AR-dependent manner \[[@B87]\]. Furthermore, androgen deficiency induced by gonadotropin-releasing hormone treatment, anti-androgen treatment, surgical ovariectomy or finasteride treatment all attenuated AR expression in ocular tissues. These observations suggested that androgen deficiency contributes to tear deficiency and may provide a biochemical mechanism to delineate the role of androgen deficiency on tear film structural and functional integrity in humans. Androgen deficiency is, therefore, a critical etiological factor in the pathogenesis of meibomian gland dysfunction and evaporative dry eye disease. Androgen deficiency caused disruption of all three layers of tear film production as demonstrated by the changes in tear production, TBUT, and corneal epithelial ultrastructure \[[@B88]\].

Lapi et al \[[@B89]\] reported that in a large case-control study on over 10,000 men with prostate cancer ADT increased risk of acute kidney injury. Similarly, Shoskes et al \[[@B90]\] concluded that low T levels were associated with increased risk of graft loss in male kidney transplant recipients. Approximately 50% to 70% of men with severe chronic kidney disease (CKD) were T deficient as assessed by total and free T levels \[[@B91][@B92]\]. In a recent study, with a median follow-up of 11 years, demonstrated that the HR of developing CKD men with low T was 1.26-fold (95% CI=1.02--1.60) which was higher than in men with normal T levels. The findings were significant even after multiple adjustments for potential confounders related to CKD including age, BMI, smoking, dyslipidemia, diabetes, and hypertension (HR adjusted=1.38; 95% CI=1.05--1.80). In an animal model study, castration exacerbates albuminuria, glomerulosclerosis, and tubulointerstitial fibrosis associated with diabetic renal disease \[[@B93]\]. In streptozotocininduced diabetic rat animal model 5α-DHT treatment for 14 weeks attenuated castration-associated increases in urine albumin excretion, glomerulosclerosis, tubulointerstitial fibrosis, collagen type IV, transforming growth factor-b, IL-6 and protein expression and reduced CD68-positive cell abundance \[[@B94]\].

Here we advance the concept that blockade of the 5α-R enzymatic activities by such irreversible inhibitors results in a state of new form of androgen deficiency, independent of circulating T levels. This new form of androgen deficiency has not been recognized before, simply, it is thought that as long as T levels are in the physiological range, androgen sufficiency is considered normal. Because finasteride and dutasteride are often prescribed to treat LUTS in men with BPH and male pattern hair loss in men with AGA for prolonged periods of time, it is postulated that men treated with these drugs are in a state of androgen deficiency and are at high risk of developing NAFLD IR, T2DM, dry eye disease, potential kidney dysfunction, among other metabolic dysfunctions. For these reasons, we believe that the clinical community should recognize these new potential health risks associated with these drugs and we believe "it\'s time to sound the alarm" on these drugs.
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![Cumulative incidence of type 2 diabetes mellitus in Taiwanese National Health Insurance Research Database cohort over study period: main cohort (adjusted) and adjusted for propensity score. Data from Wei et al (BMJ 2019;365:l1204) \[[@B17]\].](wjmh-38-323-g001){#F1}

![Tear film break up time (TBUT) changes in the four groups at different time points (^\*^p\<0.05, ^\*\*^p\<0.01 *vs.* baseline within the same group). Con: control, Sal: physiological saline, Fin: oral finasteride, Bp: oral finasteride and *Bidens pilosa* L. ^a^p\<0.05 within the group Con at the same time point. ^b^p\<0.05 within the group Fin at the same time point. Data from Zhang et al (Cell Physiol Biochem 2016;39:266--77) \[[@B19]\].](wjmh-38-323-g002){#F2}

![Lacrimal gland histopathology (H&E, ×400). (A) Lacrimal gland from the control group; (B) Lacrimal gland from the oral finasteride group. A large number of lymphocytes had infiltrated the interlobular space and surrounded the acinar and ductal cells as indicated by the black arrow. Data from Zhang et al (Cell Physiol Biochem 2016;39:266--77) \[[@B19]\] with original copyright holder\'s permission.](wjmh-38-323-g003){#F3}

![Representative microphotography showing terminal deoxynucleotidyl transferase dUTP nick end labeling reaction (A, C) and proliferating cell nuclear antigen-positive cells (B, D) in control (A, B) and finasteride-treated (C, D) rats. Red filled arrows indicate positive signaling in nuclei of proximal convoluted tubule (PCT); blue empty arrows indicate positive signaling in nuclei of the distal convoluted tubule (DCT). Slides were rinsed in phosphate buffer saline and labeled with streptavidin conjugated with horseradish peroxidase. To visualize the effect of the reaction (places of DNA split), 3,3′-diaminobenzidine was added. Positive staining was defined microscopically (Leica DM5000B, Germany) through visual identification of brown pigmentation of the cell nucleus. Scale bar from objective magnification ×40 (A, B; C, D) is 100 mm. RC: renal corpuscle. Data from Baig et al (Int J Environ Res Public Health 2019;16:E1726) \[[@B18]\].](wjmh-38-323-g004){#F4}

![Visualization of collagen fibers type I (black filled arrows) and type III (blue empty arrows) in control (A, B) and in finasteride-treated rats\' kidneys that exhibited well visible tubulointerstitial fibrosis (C, black filled arrows and blue empty arrows) and glomerulosclerosis (D, black filled arrows). Sirius Red staining, polarized microscopy. Scale bar: 100 mm. Data from Baig et al (Int J Environ Res Public Health 2019;16:E1726) \[[@B18]\].](wjmh-38-323-g005){#F5}

![Universal genomic molecular mechanism of androgen action. One key biochemical reaction in this sequence of pathways is the transformation of testosterone (T) to 5α-dihydrotestosterone (5α-DHT) *via* 5α-reductases (5α-Rs). This pathway is critical in the function of androgen receptor, since 5α-DHT is more potent natural ligand than T. SHBG: sex hormone binding globulin.](wjmh-38-323-g006){#F6}
